ABSTRACT: Very few studies describe the fate of artificial sweeteners (ASWs) in wastewater treatment plants (WWTPs). In this study, mass loadings, removal efficiencies, and environmental emission of sucralose, saccharin, aspartame, and acesulfame were determined based on the concentrations measured in wastewater influent, primary effluent, effluent, suspended particulate matter (SPM), and sludge collected from two WWTPs in the Albany area of New York State, U.S.A. All ASWs were detected at a mean concentration that ranged from 0.13 (aspartame) to 29.4 μg/L (sucralose) in wastewater influent, 0.49 (aspartame) to 27.7 μg/L (sucralose) in primary influent, 0.11 (aspartame) to 29.6 μg/L (sucralose) in effluent, and from 0.08 (aspartame) to 0.65 μg/g dw (sucralose) in sludge. Aspartame was found in 92% of influent SPM samples at a mean concentration of 444 ng/g dw, followed by acesulfame (92 ng/g) and saccharin (49 ng/g). The fraction of the total mass of ASWs sorbed to SPM was in the rank order: aspartame (50.4%) > acesulfame (10.9%) > saccharin and sucralose (0.8%). The sorption coefficients of ASWs ranged from 4.10 (saccharin) to 4540 L/kg (aspartame). Significant removal of aspartame (68.2%) and saccharin (90.3%) was found in WWTPs; however, sucralose and acesulfame were less efficiently removed (<2.0%). The total mass loading of sucralose, saccharin, and acesulfame in the WWTP that served a smaller population (∼15 000) was 1.3−1.5 times lower than that in another WWTP that served a larger population (∼100 000). The average daily loading of sucralose in both WWTPs (18.5 g/d/1000 people) was ∼2 times higher than the average loading of saccharin. The daily discharge of sucralose from the WWTPs was the highest (17.6 g/d/1000 people), followed by acesulfame (1.22 g/d/1000 people), and saccharin (1.07 g/d/1000 people). Approximately, 1180 g of saccharin and 291 g of acesulfame were transformed in or removed daily from the two WWTPs. This is the first study to describe the fate of ASWs, including the fraction found in SPM and in sludge, in addition to the aqueous portion of wastewater in WWTPs.
■ INTRODUCTION
Artificial sweeteners (ASWs) are used as substitutes for sugar in food additives, health and dietary products (foods and beverages), and animal feeds. 1 Sucralose, saccharin, aspartame, neotame, and acesulfame are "low-calorie sweeteners" currently approved for use in the U.S.A. 2 Sucralose was approved for use as an additive in over 4000 food products in >80 countries, 3 with annual sales in the U.S.A. at >$170 million in 2004. 4, 5 The global consumption of acesulfame and saccharin in 2005 was 4 and 37 thousand metric tons, respectively. 6 ASWs are excreted mostly unchanged from the human body, flow down the drain, and are discharged into the environment through wastewater treatment plants (WWTPs).
7, 8 Hydrophilic ASWs (solubility = 565−9.1 × 10 5 mg/L at 25°C) ( Table 1) are not efficiently removed through wastewater treatment processes. For instance, removal efficiencies for acesulfame and sucralose in WWTPs were reported to be <20%. 9−12 As a consequence, ASWs have been reported to occur at ng/L to mg/L levels in wastewaters, 13 river and coastal waters, 4, 10 landfill leachates, 14 and drinking water. 15, 16 Thus far, only four reports have shown the occurrence of ASWs in sewage sludge; 12,17−19 however, no previous studies have examined the occurrence of ASWs in suspended particulate matter (SPM) of wastewater.
Sucralose and acesulfame are persistent in the environment. Acesulfame was found at similar concentrations in a septic tank and a ∼15-year-old septic plume. 20 Due to their ubiquitous occurrence and persistence, sucralose 5, 15, 21 and acesulfame 9, 20 were used as tracers of wastewater contamination in groundwater, landfill leachate, 14 and drinking water. However, longterm consequences of ubiquitous distribution of ASWs in aquatic ecosystems and their potential transformations are poorly characterized. 7 ASWs in the aquatic environment have been shown to alter the physiology and locomotion of Daphnia magna, a planktonic crustacean at ≤0.5 μg/L. 22 ASWs also can interfere with photosynthesis in plants. 23 Acesulfame is a precursor for the formation of several oxidation byproducts during advanced wastewater or drinking water treatment processes, such as ozonation. 24 The primary goal of this study was to determine the fate of sucralose, acesulfame, saccharin, and aspartame in WWTPs. ASWs were analyzed in wastewater influent, primary effluent, final effluent, SPM, and treated sludge from two WWTPs in the Albany area of New York State. This is the first study to describe the fate of ASWs, including the fraction in SPM and in sludge, in addition to the aqueous portion of wastewater in WWTPs. The fraction of each of the ASWs sorbed to SPM was calculated and utilized in the estimation of mass loadings and environmental emissions of these chemicals from WWTPs. The sorption coefficients and removal efficiencies of ASWs through wastewater treatment processes also were calculated.
■ MATERIALS AND METHODS
Reagents and Chemicals. Analytical standards of saccharin and sucralose were purchased from Sigma-Aldrich (St. Louis, MO). Acesulfame potassium and aspartame were purchased from Supelco (Bellefonte, PA). Saccharin-13 C 6 , sucralose-D 6 , acesulfame-D 4 , and aspartame-D 5 were purchased from Santa Cruz Biotechnology, Inc. (Dallas, TX). 17 Purity of all of the standards was ≥98%. All organic solvents (HPLC grade) and ammonium hydroxide (29.5% as ammonia) were purchased from Mallinckrodt Baker (Phillipsburg, NJ). Ultrapure water was prepared using the Barnstead International's ultrapure system (Dubuque, IA). All standard stock solutions were stored at −20°C.
Sample Collection and Preparation. Detailed information about the collection of samples from two WWTPs is provided elsewhere. 25 Briefly, 24-h composite wastewater samples, including raw wastewater (influent), primary-treated wastewater (primary effluent), secondary-treated wastewater (effluent or final effluent), and sludge were collected consecutively over a seven-day period, from July 12 to 18, 2013, from two WWTPs in the Albany area of New York State, U.S.A. The two plants are denoted as WWTP A (population served ∼15 000) and WWTP B (population served ∼100 000), with a treatment capacity of 9.5 and 132 MLD [million liters per day], respectively. Both WWTPs used activated biological treatment. The activated sludge (3.9% solid, determined gravimetrically) samples were collected for 7 days from WWTP A and four consecutive days within the sampling week from WWTP B . The activated sludge samples from both WWTPs were the combined sludge produced after primary and secondary treatments. All samples were collected in certified precleaned amber glass jars with Teflon-faced caps, shipped to the laboratory, and stored in a refrigerator at 4°C until extraction.
The procedure for the extraction of wastewater, SPM, and sludge has been described elsewhere. 17, 25 The wastewater samples (100 mL) were centrifuged at 5000g for 10 min, and the supernatant was filtered through a glass fiber filter (37 mm, pore size 1 μm; GE Osmonics Inc., Minnetonka, MN) to separate SPM. Wastewater samples (100 mL) were spiked with a mixture of labeled internal standards of the target artificial sweeteners (25 or 50 ng) prior to extraction. The aqueous samples were extracted by passage through Oasis HLB 6 cm 3 (200 mg; Waters, Milford, MA) solid phase extraction (SPE) cartridges. Prior to use, the cartridges were conditioned with 5 mL of methanol and 5 mL of milli-Q water, and wastewater samples were loaded at ∼1 mL/min. Cartridges were allowed to dry for ∼30 min under vacuum and then eluted with 6 mL of methanol followed by 3 mL of a mixture of acetone, methanol, and ethyl acetate (2:2:1 v/v/v). Cartridges also were eluted with 3 mL of methanol containing 5% ammonia. The eluents were combined and concentrated to ∼100 μL under a gentle stream of nitrogen at 35°C using a TurboVap Evaporator (Zymark, Inc., Hopkinton, MA).
Similarly, ∼0.1 g of freeze-dried sludge was spiked with a mixture of internal standards (25 or 50 ng) prior to extraction. Spiked sludge samples were vortex-mixed for 1 min and extracted with 6 mL of methanol/water mixture (5:3 v/v) using an ultrasonic bath (Branson Ultrasonics 3510R-DTH; Danbury, CT) for 30 min. Extracts were centrifuged at 4500g for 5 min (Eppendorf Centrifuge 5804, Hamburg, Germany), supernatant was collected in a polypropylene tube, and the extraction was repeated twice. The extracts were combined and concentrated to ∼1 mL under a gentle stream of nitrogen. The concentrated extract was diluted with ultrapure water to ∼6 mL and purified by passage through SPE cartridges, as described above. The entire contents of SPM in the preweighed glassfiber filter (obtained from centrifugation and filtration of 100 mL of influents, primary effluents, and effluents) were transferred into a preweighed polypropylene tube, freezedried, spiked with the internal standards, and extracted as described above for sludge. The final volume of the extract was 1 mL, and 10 μL of the extract was injected into HPLC-MS/ MS.
Instrumental Analysis. Detailed information on instrumental analysis, including MS/MS transitions, analyte peak identification, quantification, and quality assurance and quality control (QA/QC) protocols, has been provided elsewhere. 17 The continuing calibration verification standards injected before and after every batch (n = 21) of samples analyzed showed recoveries at 100 ± 25%. The regression coefficients (r 2 ) for 7-to 10-point calibration standards calculated by equal weighting quadratic regression were ≥0.99 for all target analytes. A method blank was analyzed with every batch of samples. The measured concentrations of target analytes in procedural blanks were below the corresponding limit of quantitation (LOQ). The concentrations of target chemicals in SPM and sludge are reported on a dry-weight basis, unless stated otherwise. One sample was selected randomly for matrix spike (MS) and matrix spike duplicate (MSD) analyses with each batch of samples analyzed. Target analytes and corresponding internal standards were each spiked at 25 and 50 ng, respectively, and were passed through the entire analytical procedure. The overall average recoveries of artificial sweeteners in spiked matrices were 66 ± 17%, 68 ± 13%, and 122 ± 10% for wastewater, sludge, and SPM, respectively.
Calculations. The fraction of the total mass of ASWs sorbed to SPM, removal efficiency of ASWs through the treatment processes, mass loadings of ASWs in WWTPs, and environmental emission of ASWs from WWTPs were calculated using the following equations (eqs 1−4), as reported by . 
where P SPM is the fraction of the total mass of ASWs sorbed to SPM (%); C SPM is the concentration of ASWs in SPM (ng/g); M SPM is the mass of SPM analyzed (g); V W is the volume of wastewater (L) used to obtain M SPM ; C W is the concentration of ASWs in wastewater (ng/L); RE is the removal efficiency; C i is the concentration of ASWs in wastewater influent (ng/L); C e is the concentration of ASWs in wastewater effluent (ng/L); P SPMi is the fraction of the total load of ASWs sorbed to SPM (%) in wastewater influent; P SPMe is the fraction of the total load of ASWs sorbed to SPM (%) in wastewater effluent; ML is the mass load, an estimated amount of individual ASW introduced into a WWTP per day per 1000 people served (g/d/1000 people); F is the daily flow of wastewater influent (L/d) over a 24-h period; C s is the concentration of ASWs in sludge (ng/g wet weight); pop. is the population; TSP is the total sludge production (g/d wet weight); population is the number of people served by the WWTP; and E/1000 people is the emission quantity of ASWs discharged through wastewater effluent, SPM, and sludge (mg/d/1000 people).
■ RESULTS AND DISCUSSION
Artificial Sweeteners in Wastewater. All four ASWs were found in all wastewater influent samples (df: 100%) from both WWTPs (Table 2 ). Sucralose was found at the highest mean concentration in wastewater influent, at 33.0 and 25.9 μg/L in WWTP A and WWTP B , respectively. The mean concentrations of sucralose in influent were approximately 2, 28, and 257 times higher than the mean concentrations of saccharin, acesulfame, and aspartame, respectively. It has been reported that acesulfame and saccharin were the predominant ASWs, followed by sucralose in WWTPs in Germany, 11 a pattern different from that found in our study.
The measured concentration of sucralose was ∼2 times higher than the concentration previously estimated for WWTP influents in the U.S.A. 5 and at least an order of magnitude higher than that reported in another study (1.38 μg/L) from the U.S.A. 26 The measured concentration of sucralose in influent was similar to that reported for influent from two WWTPs in Canada 27 and ∼30 times higher than that reported in Germany. 11 The mean concentration of saccharin in influent from two WWTPs (16.4 μg/L), in this study, was similar to that reported from Spain 18 and ∼2 times higher than that found in China 10 and Germany. 11 Nevertheless, the mean concentration of acesulfame in influent (1.08 μg/L) was ∼25 and 40 times lower than that reported from Spain 18 and Germany, 11 respectively. Aspartame has never been measured in wastewater samples from the U.S.A.; the mean concentration of aspartame determined in influent in this study (0.13 μg/L) was 2 times higher than that reported from China 10 and up to an order of magnitude lower than that reported in Singapore. 28 Aspartame was reported to occur (up to 11.5 ng/L) in WWTP effluents in Switzerland.
11,29
Artificial Sweeteners in Sludge. Thus, far, only four studies have determined ASWs in sewage sludge. 12,17−19 This is the first report of the occurrence of ASWs in sewage sludge from the U.S.A. ASWs are hydrophilic compounds and partition primarily to the aqueous phase (water solubilities range from 565 to 1.00 × 10 6 mg/L at 25°C) ( Table 1) . High levels of ASWs found in sludge, despite their relatively low sorption coefficients, can be due to high loadings into the WWTPs. However, in mass loading calculations, omission of the fraction of the environmental contaminants that partition into the particulate fraction, including sewage sludge, can underestimate the actual loadings into the WWTPs. 25 Sucralose (df: 55%), saccharin (df: 73%), acesulfame (df: 100%), and aspartame (df: 93%) were found in the sludge samples collected from both WWTPs at a mean concentration that ranged from 118 (acesulfame) to 506 ng/g dw (sucralose) ( Table 2 ). The mean concentrations of ASWs measured in this study were similar to those reported in Spain. 18 Nevertheless, mean concentration of sucralose in sludge in our study was ∼45 times higher than that reported in WWTPs from Sweden. 12 The concentrations of ASWs measured in sludge were compared with those reported from Korea (Figure 1) . 17 The rank order of mean concentrations of ASWs in sludge from Korea was as follows: aspartame > saccharin > acesulfame > sucralose, whereas that in the U.S.A. was as follows: sucralose > aspartame ≈ saccharin > acesulfame. The concentration of sucralose in sludge from the U.S.A. was an order of magnitude higher than that found in Korea; however, the concentrations of aspartame and saccharin in Korea were 2−3 times higher than those found in the U.S.A. The differences in the patterns of ASWs in sludge in the U.S.A. and Korea suggest differences in per-capita consumption of individual ASWs and the removal in WWTP treatment processes. Sucralose is the most frequently used ASW in the U.S.A. and is found in ∼1500 products as compared to acesulfame (1103 products) and aspartame (974 products); 30 however, aspartame is the most widely used ASW in processed foods at relatively higher concentrations (as much as 5602 mg/kg) in Korea. 31, 32 Artificial Sweeteners in Suspended Particulate Matter. This is the first report of occurrence of ASWs in SPM; aspartame was found in 92% of influent SPM samples at a mean concentration of 444 ng/g dw, followed by acesulfame (92 ng/ g) and saccharin (49 ng/g). The fraction of ASWs partitioned to SPM was calculated based on the measured concentrations in aqueous (i.e., dissolved) fraction and SPM (eq 1). The fraction of the total mass of ASWs sorbed to SPM (P SPM ), on average, was in the rank order of aspartame (50.4%) > acesulfame (10.9%) > saccharin and sucralose (0.8%). Aspartame was found to sorb to SPM by as much as 91% of the total mass; therefore, estimation of mass loadings of aspartame based only on dissolved fraction of wastewater can underestimate the total load by as much as 91%. In comparison, >90% of the loadings of acesulfame, saccharin, and sucralose in WWTPs were found in dissolved fraction.
The sorption coefficients (K d ) of ASWs calculated based on the concentrations measured in influent (ng/L) and SPM (ng/ kg dw) ranged from 4.10 (saccharin) to 4540 L/kg (aspartame) ( Table 3) . Relatively lower water solubility (solubility = 565 mg/L at 25°C) and higher organic carbon partitioning coefficient (Log K oc = 1.786) of aspartame, in comparison with other ASWs, explain the preferential partitioning of this compound to sludge and SPM. Further, the lower concentrations reported for aspartame in aqueous environmental matrices explain preferential sorption of this compound to particulate matter.
Removal of Artificial Sweeteners from WWTPs. Both saccharin and aspartame were significantly removed from WWTPs, with an average removal efficiency of 90.3 and 68.2%, respectively ( Table 3 ). The average removal efficiency of saccharin found in our study was similar to those reported in Germany (>90%) 11 and China (97%). 10 Aspartame was not detected in effluents of WWTPs in China. 10 Sucralose was not significantly removed from WWTPs (<2.0%), and acesulfame showed a negative removal efficiency. Our results were similar to those reported in other countries. Sucralose was barely removed from WWTPs in Switzerland Table 2 10 Germany (20%), 11 and Sweden (<10%). 12 Sucralose is not liable for microbial degradation due to the presence of chlorine atoms.
7,26 Nevertheless, sucralose was used as a molecular marker of wastewater contamination in groundwater and drinking water. 5, 15, 21 Similarly, negative removal efficiency of acesulfame was reported in municipal WWTPs in Switzerland (−9%); 9 however, no clear explanation is available to support the negative removal of acesulfame from WWTPs.
Mass loads of Artificial Sweeteners in WWTPs. The total mass of ASWs discharged into the WWTP was estimated based on the measured concentrations in influents, daily flow of influent, and the population served by the WWTP (eq 3). The total loadings of sucralose, saccharin, and acesulfame into WWTP A , which serves a smaller population (∼15 000) were 1.3−1.5 times lower than those of WWTP B , which serves a larger population (∼100 000); however, the total loadings of aspartame into WWTP A were 2.3 times higher than those of WWTP B (Table 3 ). The average loadings of sucralose into both WWTPs (18.5 g/d/1000 people) were ∼2 times higher than the loadings of saccharin. The average loadings of sucralose in two WWTPs in our study (U.S.A.) were ∼12 and 100 times higher than those reported in Switzerland (Canton of Zurich, average population = 58 840) and Germany (EggensteinLeopoldshafen and Karlsruhe, average population = 185 000), respectively. However, the average loadings of acesulfame in our WWTPs (U.S.A.) were ∼13 and 15 times lower than those reported in Switzerland and Germany, respectively ( Figure  2) . 9, 11 High consumption and a broad-range application of sucralose in the U.S.A. can explain the high concentration of this compound in WWTPs. 33 In general, studies from several European nations have showed the prevalence of acesulfame and saccharin, whereas those from the U.S.A. have showed the predominance of sucralose in WWTPs.
Environmental Emission of Artificial Sweeteners through WWTPs. The total mass of ASWs discharged through WWTP effluents and sewage sludge was calculated based on the concentrations measured in effluents, SPM, and sludge as well as by the daily flow rate of effluents, total sludge production rate, and the population served by the WWTPs (eq 4). Sucralose was found to be the most highly discharged (17.6 g/d/1000 people) ASW from the WWTPs, followed by acesulfame and saccharin (Table 3 ). These amounts correspond to an estimated annual discharge of 624 kg of sucralose, 71.0 kg of saccharin, 2.90 kg of aspartame, and 49.1 kg of acesulfame from a WWTP that serves a population of 100 000 (influent flow rate of 83 300 m 3 /d). Gan et al. (2013) 10 estimated an annual discharge of 26 kg of saccharin and 1600 kg of acesulfame from a WWTP (treatment capacity of 260 000 m 3 / d) in China.
There was no considerable removal of sucralose in the activated sludge treatment process; however, ∼1180 g of saccharin and 291 g of acesulfame were estimated to be transformed or removed daily from the WWTPs studied ( Figure 3 ). Sucralose is not liable for microbial degradation due to the presence of chlorine atoms; however, heterocyclic saccharin can undergo ring opening and be transformed into other products. 26 Recently, photolytic transformation byproducts of acesulfame, such as hydroxylated acesulfame, isoacesulfame, and amidosulfonic acid, have been identified; 34 however, further investigation is required to identify and/or quantify the transformation byproducts of ASWs during wastewater treatments. Conversely, aspartame mass loading increased in the wastewater treatment processes. Unlike other ASWs, aspartame is almost completely metabolized in the human body 35, 36 and possibly excreted as a conjugate of glucuronide or sulfate. Wastewater treatment processes may deconjugate or transform the metabolites or conjugates into the parent molecule. Aspartame can lose its acetyl or amine group under different pH conditions during wastewater treatment. 26 
■ CONCLUSIONS
In summary, mass loadings, removal efficiencies, and environmental emission of sucralose, saccharin, aspartame, and acesulfame were determined, based on the concentrations measured in wastewater, SPM, and sludge, from two WWTPs in the Albany area of New York State, U.S.A. The fraction of the total mass of ASWs sorbed to SPM was in the rank order: aspartame (50.4%) > acesulfame (10.9%) > saccharin and sucralose (0.8%). This study reports aspartame in wastewater samples for the first time in the U.S.A. Aspartame and saccharin were significantly removed from WWTPs; however, sucralose and acesulfame were removed at <2.0%. The average daily loading of sucralose in both WWTPs was ∼2 times higher than the average loadings of saccharin; consequently, the discharge of sucralose from WWTPs was found highest among the ASWs studied. Saccharin (∼1180 g/day) and acesulfame (291 g/day) were transformed in or removed daily from the two WWTPs. Further investigation is required to identify and/or quantify the transformation products of ASWs in the wastewater treatment.
